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摘  要 
 








率性能和循环性能。通过 SEM、电化学原位同步辐射 XRD、固体 NMR 等表征
手段详细研究了 Na3V2(PO4)2F3 的形貌、结构及充放电机理。通过微波辅助离子
热法合成了 LiFeSO4F，采用 XRD、SEM 和电化学表征技术研究了该材料的相组
成、形貌及电化学性能。本论文的主要研究结果如下： 
①通过溶胶凝胶法合成了 Na3V2(PO4)2F3/C 复合材料，该材料具有优异的倍
率性能和循环性能。在 150 mA/g 电流密度下，放电容量达到 125 mAh/g，在 3000 
mA/g 电流密度下，容量还能保持在 110 mAh/g 左右，证明其具有优异的倍率性
能；在 150 mA/g 的电流密度下，50 圈循环后容量还保持在 120 mAh/g 左右，相
当于第一圈容量的 96%，说明该材料具有优异的循环性能。 
②通过电化学原位同步辐射 XRD 技术和非原位固体 NMR 技术研究了






+发生部分 Li+-Na+交换反应形成 LixNa3-xV2(PO4)2F3；在充放电过程中， Li
+和
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③通过 XRD、固体 NMR 及交流阻抗技术研究了 Na3V2(PO4)2F3 在循环过程
中的结构变化、Li-Na 交换和离子扩散系数 D 的变化。结果表明，Na3V2(PO4)2F3
在循环过程中结构并未发生明显改变，从而保证了该材料具有优异的循环性能；
NMR 结果表明，前 10 圈循环，锂离子逐渐取代结构中的钠离子，之后的循环中，









量保持在 70 mAh/g 左右。 
 
关键词： 锂离子电池； 正极材料； Na3V2(PO4)2F3； 同步辐射原位 XRD； 固



























     With the rapid development of mobile electronic products, lithium-ion batteries 
get a huge space for application as high-efficient portable power sources. In current 
commercial market, LiCoO2 and ternary layered material are offen used as the 
lithium-ion batteries’ cathode materials. And these materials, which contain the high 
cost metal cobalt, have limited large scale application in the future. In recent few 
decades, researchers are exploring the new cathode materials with warm enthusiasm. 
For example,  LiMPO4 (M=Fe、Mn、Co and Ni) and Li2MSiO4 (M=Fe、Mn and Co) 
have been discovered for cathode materials. Fluorinated polyanion materials, which 
have the merits of stable structure and high voltage plateau, have become the hotpot 
for the researchers. In this paper, two types of fluorinated polyanion materials, 
Na3V2(PO4)2F3 and LiFeSO4F, have been studied. 
     In this paper, Na3V2(PO4)2F3 is synthesized by sol-gel method and it has 
excellent rate and cyclic performance. The morphology, structure, chare-discharge 
mechanism and cyclic process of Na3V2(PO4)2F3 are studied by SEM, in-situ XRD, 
solid-state NMR ect. Another fluorinated polyanion material LiFeSO4F is synthesized 
by microwave-assisted ionothermal method. The main results are as follows: 
     ①The Na3V2(PO4)2F3/C is synthesized by sol-gel method, and it has excellent 
rate and cyclic performance. A capacity of 125 mAh/g is obtained under the current 
density of 150 mA/g. When cycling at the current density of 3000 mA/g, it still 
delivers a capacity of 110 mAh/g (88% of the initial capacity at 150 mA/g), which 
shows great rate performance; A capacity of 120mAh/g (96% of the 1
st
 cycle) can still 
be achieved after 50
th
 cycle at the current density of 150 mA/g, which means excellent 
cyclic performance. 
     ②The first cycle charge-discharge mechanism of Na3V2(PO4)2F3/C is 
characterized by synchrotron-based in-situ XRD and ex-situ MAS NMR. The 
synchrotron-based in-situ XRD results show that the excellent cycle performance is 
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doesn’t change obviously; while in the discharge process, structure changes reversibly. 
The whole process follows a solid-solution-like process, while in the process, the 
structure keeps very stable. The MAS NMR results show that Li-Na exchange 
happens when material keeps contact with electrolyte, and forms LixNa3-xV2(PO4)2F3; 




 in Na1 site are intercalated/ 
deintercalated in/from the structure, namely, the Li-Na co-intercalating; while, the Na
+
 
in the Na2 sites is not involved in the electrochemical process. 
     ③The structure of Na3V2(PO4)2F3 in the cycle process is characterized by XRD 
MAS NMR and EIS. The results show that the structure changes very little in the 
cycle process, which results in excellent cycle performance; NMR results show that in 




 gradually, while in the subsequent cycles, Li
+
 
changes very little; Ion diffusion coefficient in various cycle is obtained by EIS 
method, and the results show that ion diffusion coefficient gradually increases when 
cycling. 
     ④Na3-xLixV2(PO4)2F3 is prepared by solvothermal ion-exchange method. The 
results show that Li-Na exchange isn’t conducted completely. After the ion exchange, 
the structure changes very little, which is consistent with the electrochemical results. 
The Na3V2(PO4)2F3/C can also be used as anode material, and it can deliver good 
electrochemical performance at specific voltage range. 
     ⑤The ionic liquid of EMI-TFSI is synthesized by ion-exchange method. 
LiFeSO4F is synthesized by the microwave-assisted ionothermal method using 
EMI-TFSI as the solvent, and it delivers medium electrochemical performance after 
ball-milling carbon coating. 
 
Keywords ： Lithium-ion battery; Cathode material; Na3V2(PO4)2F3; 

























1990 年日本 Nagoura 等人研制成以石油焦为负极，以钴酸锂为正极的锂离子电
池；同年日本 Sony 和加拿大 Moli 两大电池公司宣传将推出以碳为负极的锂离子
电池；1991 年，日本 Sony 能源技术公司与电池部联合开发了以聚糖醇热解碳
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图 1.1 锂离子电池工作原理图 
 
图 1.1 表示的电极反应式可总结如下： 
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1.1.1.2 锂离子电池的特点[5-8] 
    锂离子电池的优点主要表现为[2]： 
①容量大、工作电压高。容量为同等镍镉蓄电池的两倍；而通常的单体锂离
子电池的工作电压为 3.6V，是镍镉和镍氢蓄电池的 3 倍。 
②荷电保持能力强，允许工作温度范围宽。在（20±5）℃下，以开路形式贮
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